Cooking fish at high temperature can produce potent carcinogens such as heterocyclic amines and polycyclic aromatic hydrocarbons. The effects of these carcinogens may undergo modification by the enzymes responsible for their detoxification and/or activation. In this study, we investigated genetic polymorphisms in nine carcinogen metabolism enzymes and their modifying effects on the association between white or dark fish consumption and prostate cancer (PCA) risk. We genotyped 497 localized and 936 advanced PCA cases and 760 controls from the California Collaborative Case-Control Study of Prostate Cancer. Three polymorphisms, EPHX1 Tyr113His, CYP1B1 Leu432Val and GSTT1 null/present, were associated with localized PCA risk. The PTGS2 765 G/C polymorphism modified the association between white fish consumption and advanced PCA risk (interaction P 5 0.002), with high white fish consumption being positively associated with risk only among carriers of the C allele. This effect modification by PTGS2 genotype was stronger when restricted to consumption of welldone white fish (interaction P 5 0.021). These findings support the hypotheses that changes in white fish brought upon by hightemperature cooking methods, such as carcinogen accumulation and/or fatty acid composition changes, may contribute to prostate carcinogenesis. However, the gene-diet interactions should be interpreted with caution given the limited sample size. Thus, our findings require further validation with additional studies.
Introduction
Diets high in fish have been associated with decreased risk of advanced prostate cancer (PCA) and decreased PCA mortality (1) (2) (3) (4) . It has been proposed that omega-3 polyunsaturated fatty acids (PUFA) found in fish, particularly dark and oily species, might explain this association (5) . Other studies, however, have reported no association (6) (7) (8) or positive associations (9) . Recently, we reported that diets high in white fish (flounder, halibut, snapper, bass, cod or sole) were associated with increased PCA risk, especially among men who consumed white fish cooked with high-temperature methods such as pan-frying, grilling, oven-broiling or barbequing (10) .
Cooking meats and fish using these high-temperature methods generates mutagens such as heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs), which we hypothesize may be responsible for the increased PCA risk (11) . HCAs present in cooked fish can increase both mutation frequency and prostate tumor incidence in animal models (12, 13) . Moreover, PAH-DNA adducts have also been detected in human prostate cells (14) .
HCAs and PAHs present in cooked fish are absorbed in the intestine and transported via the hepatic portal system to the liver where they undergo metabolism (15) . Native HCAs, PAHs and metabolites can then reach the prostate gland via blood circulation where they are metabolized by similar enzymes as those present in the liver. HCAs are activated by CYP1A2 into N-hydroxylamines, which can then undergo further metabolism by SULT1A1, NAT1, NAT2 and PTGS2 to generate reactive species that can damage DNA (16, 17) . The N-acetoxy-HCAs that result from NAT1 and NAT2 metabolism can be substrates for detoxification by GSTM1, GSTT1 and GSTP1 (18) . PAHs are activated by CYP1A1 and CYP1B1, generating PAH epoxides, which can be further activated by EPHX1 to form ultimate carcinogens that can attack DNA, or they can be detoxified by Phase II enzymes (GSTM1, GSTT1, GSTP1, GSTA1, UGT1A1, UGT1A6 and UGT1A9 (19, 20) ). In addition, PTGS1 and PTGS2, which are expressed during prostatic inflammation, can further metabolize PAH-dihydrodiols to reactive PAH-dihydrodiol-epoxides, capable of attacking DNA (21) (22) (23) .
Given the metabolic role of the above mentioned enzymes, along with our recent finding that consumption of fish cooked under conditions conducive to HCA formation is positively associated with PCA risk (10), we hypothesized that genetic variation in carcinogen metabolism enzymes may play a role in the etiology of PCA. Furthermore, we hypothesized that these genetic variants may modify the association between fish consumption and PCA risk, particularly when fish is cooked using high-temperature methods. Using data and samples from the California Collaborative CaseControl Study of Prostate Cancer, we investigated the role of genetic variation in nine metabolic enzymes relevant for HCA and PAH metabolism in combination with fish intake and cooking practices. We included the following polymorphisms which have been reported to impact enzyme function and/or have been associated with PCA risk: GSTP1 Ile105Val (rs1695 (24, 25) ), PTGS2-765 G/C (rs20417 (26) ), CYP1A2-154 A/C (rs762551 (27) ), EPHX1 Tyr113His (rs1051740 (28) ), CYP1B1 Leu432Val (rs1056836 (29) ), UGT1A6 Thr181Ala and Arg184Ser (rs1105879 and rs2070959 (30) ) and NAT2 Ile114Thr, Arg197Gln, Gly286Glu and Arg64Gln (rs1799930, rs1799931, rs1801279 and rs180120 (31) ), in addition to two genes that have copy number variants, GSTM1 and GSTT1 (24, 25) .
Study design and methods

Study population
The California Collaborative Case-Control Study of Prostate Cancer, described elsewhere (32, 33) , is a multiethnic, population-based case-control study that identified incident cases of PCA through two regional cancer registries in Los Angeles County (LAC) and the San Francisco Bay Area (SFBA). In both study sites, PCA was classified as advanced disease if the tumor extended beyond the prostatic capsule or into the adjacent tissue, involved regional lymph nodes or metastasized to distant locations (Surveillance, Epidemiology, and End Result 1995 clinical and pathologic extent of disease codes 41-85). Intra-capsular prostatic cancers were categorized as localized disease. In LAC, controls were identified through a standard neighborhood walk algorithm (34) and frequency-matched based on age (5 years) and race/ethnicity. In SFBA, controls were primarily identified through randomdigit dialing. In addition, a subset of controls aged 65 years were also identified through random selections from the rosters of beneficiaries of the Health Care Financing Administration. Controls were frequency-matched to cases with advanced disease based on 5-year age group and race/ethnicity. In LAC, study eligibility was restricted to men willing to both complete an in-person interview and provide a blood sample; 1232 cases [ (32) . At the time we performed the genotyping for this study, DNA from blood and data on risk factors were available for a total of 800 controls (545 from LAC and 255 from SFBA), 535 localized cases (LAC) and 988 advanced cases (597 from LAC and 391 from SFBA). Written informed consent was obtained from all study participants at the time of in-person interview.
Data collection
A common structured questionnaire was used at both study sites, including a 74-item food frequency questionnaire that was adapted from Block's Health History and Habits Questionnaire (32) . The food frequency questionnaire also included questions on cooking methods and degree of doneness and browning (35) that were adapted from a commonly used cooking module developed by Sinha et al. (36) . An aggregate-level socio-economic status (SES) variable was derived from 2000 census data as described previously (33) . Body mass index (BMI) was calculated using the reported weight in the reference year (defined as the calendar year before diagnosis for cases and the calendar year before selection into the study for controls) and measured height at the time of the interview. BMI was calculated as weight (kg) divided by height (m) squared and categorized as normal weight (BMI  25), overweight (BMI 25-29.9) and obese (BMI  30). Underweight men (BMI  18.5, n 5 15) were grouped with normal-weight men.
Exposure variables
The food frequency questionnaire assessed all food intake and cooking methods during the reference year. Subjects reported the usual portion size and frequency of consumption of tuna fish (including tuna salad, tuna casserole and tuna sandwiches), deep fried fish (including fish sticks and fish sandwiches), dark fish (salmon, mackerel, catfish, trout, herring and sardines) and white fish (flounder, halibut, snapper, bass, cod or sole). Information was obtained on usual method of preparation of dark fish and white fish (pan-frying, oven-broiling, grilling, baking/roasting, microwaving and other methods). The participants also reported their usual preference for the level of doneness of dark fish and white fish by choosing from a series of color photographs showing three levels of doneness and browning (1): just until done (not browned on the outside), (2) well done (browned on the outside) and (3) very well done (charred on the outside). There were only 74 men who usually consumed fish 'very well done -charred on the outside'; therefore, men in this category were combined with men who usually ate fish well done. Cooking by pan-frying, oven-broiling or grilling was considered high-temperature cooking methods, and cooking by baking or other methods was considered to be low-temperature cooking methods.
Adjustment for total energy intake
In our study population, total caloric intake was associated with PCA risk (P  0.001). Residuals obtained from regression of fish intake variables on calories showed non-normality and heteroskedasticity (even after log transformation) because our fish exposure variables had few unique values. Hence, we used the multivariate nutrient density approach to adjust for energy intake (37) . Nutrient densities of white fish and dark fish were created multiplying their reported daily intake with the reciprocal of the total calories consumed per day.
Nutrient density variables were categorized into three levels of consumption: never/rarely (quintile 1), low (quintiles 2-4) and high (quintile 5). These categories were chosen to circumvent spurious negative associations that are possibly driven by the influence of large variation in the denominator of the density variable (inverse calorie intake) compared with the variance of the nutrient of interest in the numerator. When tabulating the quintiles of nutrient density intake against the quintiles of total calorie intake, we observed that the middle three quintile categories were strongly affected by this phenomenon and the division among them could almost exclusively be explained by energy intake; thus, the middle three quintiles were collapsed.
Genotyping
We genotyped individuals for 12 single-nucleotide polymorphisms (SNPs) in 9 genes: GSTP1 Ile105Val (rs1695), PTGS2-765 G/C (rs20417), CYP1A2-154 A/C (rs762551), EPHX1 Tyr113His (rs1051740), CYP1B1 Leu432Val (rs1056836), UGT1A6 Thr181Ala and Arg184Ser (rs1105879 and rs2070959) and NAT2 Arg197Gln, Gly286Glu, Arg64Gln and Ile114Thr (rs1799930, rs1799931, rs1801279 and rs1801280), in addition to two genes that had copy number variants, GSTM1 and GSTT1. All genotypes were obtained using Taqman assays, available on request from Applied Biosystems (Foster City, CA), following manufacturer's instructions. No differences were found between observed genotypic frequencies and those expected under the HardyWeinberg Equilibrium. Call rates were 97%. The four NAT2 SNPs genotyped infer the NAT2 phenotype with estimated 98.4% accuracy in populations with similar SNP frequencies as in this study (38) . In agreement with the existing classification, carriers of at least one copy of the wildtype haplotype were classified as 'fast' and carriers of all other haplotypes as 'slow' phenotype (39) .
Statistical analysis
Given differences in the distribution of race/ethnicity and SES between the two study sites, we created a variable that classified subjects according to study site (LAC or SFBA), SES (five-level variable from low to high, as described previously (33)), as well as race/ethnicity (AA, Hispanic, NHW) to group individuals in conditional logistic regression models. SES was collapsed into three categories (quintiles 1-2, 3 and 4-5) at the SFBA site and four categories (quintiles 1, 2, 3 and 4-5) at the LAC site, leaving 6 SES/race groups from SFBA and 12 from LAC. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated from conditional logistic regression, with separate analyses performed for localized and advanced cases. We estimated ORs and CIs for each genotype using dummy variables and per variant allele assuming a logadditive model. All OR estimates were adjusted for age (years, continuous) and family history of PCA in first-degree relatives (yes, no). Minor allele frequencies (MAF), ranging from 0.16 to 0.49, did not differ significantly from those reported for the general reference population (www.hapmap.org). Our study design and sample size can detect ORs as small as 1. (40)). When investigating main effects of fish, we also adjusted for potentially confounding lifestyle and dietary factors. These variables were total fat intake (g/day), dietary vitamin D intake (g/day), alcohol consumption (g/day), total dairy intake (g/day), cigarette smoking (pack-years), total fruit consumption (g/day), total vegetable consumption (g/day), red meat consumption (g/day), white meat consumption (g/day) and processed meat consumption (g/day) (Supplementary Table I , available at Carcinogenesis Online). We did not see any appreciable differences in estimates and overall trends; therefore, further gene-environment analyses were not adjusted for these additional variables.
Analyses of gene-by-diet interactions were done coding each SNP as log additive and fish consumption as a three-level variable (never, low and high), using the median level of exposure among controls at each of the levels. We conducted both 2-df interaction tests by treating the three-level fish intake exposure variable as categorical, and 1-df interaction tests by treating this variable as ordinal. Interaction models were adjusted for age (years, continuous), BMI (25, 25.0-29.9 and 30), total calorie intake (kcal/day, continuous) and family history of PCA in first-degree relatives (yes, no). Analyses of white fish were adjusted for dark fish intake and vice versa. To analyze gene-by-fish interactions while taking into account cooking practices, we created variables that captured frequency of intake of either white or dark fish when cooked using high-temperature methods (pan-frying, grilling, oven-broiling and barbequing) or when cooked until well done. Models that tested for interaction using variables that captured fish intake and cooking practices were also adjusted for total well-done meat consumption (g/day) and consumption of total meat cooked at high temperature (g/day). Total meat variables included red meat, poultry and processed meats. Tests of trend across categories of fish consumption were done by coding each category by its median value and modeling the category variable as continuous. To account for multiple testing, we used a P-value cutoff of 0.0056 5 0.05/9 for each of the exposures tested, which is the Bonferroni-corrected P-value 5 0.05 for testing interactions between each given exposure and nine different genotypes or phenotypes. Further correction accounting for the two stages of disease set the P-value cutoff at 0.0028 5 0.05/18. Our study design and sample size can detect interaction ORs as small as 1.62 (MAF 5 0.49) to 1.84 (MAF 5 0.16) among localized cases and interaction ORs as small as 1.49 (MAF 5 0.49) to 1.69 (MAF 5 0.16) among advanced cases with 80% power when testing at the 5% significance level (all power calculations performed with Quanto (40)). All hypothesis tests were two-sided and all analyses were done using the statistical software Stata S/E 11.0 for Windows (STATA Corporation, College Station, TX). After excluding 124 individuals (87 cases and 37 controls) with dietary data considered unreliable (i.e. daily energy intake 600 kcal or 6000 kcal), all dietary analyses were based on 1420 cases and 746 controls.
Fish, carcinogen metabolism enzymes, and prostate cancer risk
Results
In Table I , we summarize the demographic and other relevant characteristics of cases and controls included in the present analysis. Age was normally distributed among controls. Mean age was comparable between study sites and between advanced cases and controls; however, localized cases had a higher mean age than both controls and advanced cases. Mean caloric intake was higher among LAC relative to SFBA as well as cases in relation to controls, but was similar among advanced and localized cases.
Among the cases and controls included in this study, we observed a 30% reduction of both localized and advanced PCA risk in men with a low or high intake of dark fish compared with those who never/rarely consumed dark fish (OR localized disease 5 0.72; 95% CI 5 0.53-0.96; OR advanced disease 5 0.73; 95% CI 5 0.55-0.85) (Supplementary Table I , available at Carcinogenesis Online). Furthermore, PCA risk was reduced by 50% among men who usually used low-temperature cooking methods, although the interaction between cooking methods did not reach statistical significance (OR localized disease/ high intake 5 0.52; 95% CI 5 0.26-1.02; OR advanced disease/high intake 5 0.53; 95% CI 5 0.31-0.89) (Supplementary Table II, available at Carcinogenesis Online). High white fish consumption was associated with a 50-60% increase in risk of both localized and advanced PCA among men who consumed well-done fish; however, the risk estimate only reached significance among advanced cases (OR localized disease 5 1.53; 95% CI 5 0.81-2.86; OR advanced disease 51.65; 95% CI 5 1.02-2.69) (Supplementary Table III, available at Carcinogenesis Online). These findings are similar to those reported previously for the full study population regardless of DNA availability (10) .
Polymorphisms in carcinogen metabolism enzymes and PCA risk
Allelic frequencies did not differ between racial/ethnic groups or study sites for any of the SNPs or glutathione-S-transferase null polymorphisms genotyped (data not shown). We observed a 1.2-to 1.7-fold increased risk of localized PCA associated with three polymorphisms in three different genes: EPHX1 Tyr113His (per His allele OR 5 1.27; 95% CI 5 1.04-1.56), CYP1B1 Leu432Val (per Val allele OR 5 1.32; 95% CI 5 1.09-1.61) and GSTT1 null/present (null OR 5 1.68; 95% CI 5 1.19-2.38) (Table II) . We observed no comparable associations for advanced PCA. A test of heterogeneity for the difference of these associations between advanced and localized disease did not reach statistical significance for any gene. Moreover, inheritance of the variant alleles did not yield differences in the risk estimates for localized/advanced PCA across the three racial/ethnic groups and any of the analyzed genes.
Fish intake, metabolism enzymes and PCA risk
We considered interactions between each of the eight SNP genotypes and NAT2 predicted phenotype and intake of white or dark fish. We observed evidence that the PTGS2 765 G/C polymorphism modified the association between high white fish intake and advanced PCA risk (crude 1-df P for interaction 5 0.002, Bonferroni-corrected 1-df P for interaction 5 0.018) (Table III) . Specifically, the association between high white fish intake and advanced PCA risk was restricted to carriers of the C allele, reaching a more than 3-fold increased risk (for high versus no/rare white fish intake) among carriers of two C alleles (OR 5 3.56; 95% CI 5 1.61-7.88). There was no evidence of interaction with white fish intake for any of the other polymorphisms investigated for either localized or advanced disease.
When considering dark fish intake, there was an inverse association between dark fish intake and advanced PCA risk among men with the GG genotype, but not among carriers of the C allele (Table III) . However, this interaction was not statistically significant after correcting for Bonferroni. We found no evidence of interactions between dark fish intake and the other polymorphisms. (27) 101 (19) 295 (54) 37 (15) 0 (0) 218 (85) 206 (39) 127 (24) 202 (38) 137 (23) 179 (30) 281 (47) 86 (22) (12) 3 (1) 227 (89) 28 (11) 0 (0) 423 (79) 111 (21) 1 (0) 480 (80) 114 (19) 3 (1) 312 (80) 79 (20) 
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For both white and dark fish intake, similar trends were observed for localized and advanced diseases; however, the tests for interaction were not statistically significant for localized disease. Interactions between the PTGS2 variant and low/high intake of white/dark fish in relation to localized/advanced PCA did not vary across the three racial/ethnic groups (data not shown).
Fish intake, metabolic enzymes, cooking practices and PCA risk
We further assessed whether polymorphisms in metabolic enzymes might modify the association between localized and/or advanced PCA risk and fish intake when taking into account cooking methods and level of doneness. For this purpose, we investigated fish intake when cooked using high-temperature cooking methods only (pan-frying, grilling, oven-broiling and barbequing), and intake of well-done fish only. We observed that PTGS2 genotype modified the association between high intake of well-done white fish and advanced PCA similarly to all white fish, although the interaction term was no longer significant after adjusting for Bonferroni (crude P for interaction = 0.021) ( Table IV) . As before, this association was restricted to carriers of the C allele, with estimated 2-to 4-fold increased risks (for high versus no/rare white fish intake) for carriers of one or two C alleles (OR CG genotype 5 2.17; 95% CI 5 1.05-4.48; OR CC genotype 5 3.79; 95% CI 5 0.92-15.70). These estimates were slightly stronger than what we observed for white fish without considering level of doneness. We observed no evidence of interactions when considering intake of white or dark fish cooked using high-temperature methods (data not shown).
Discussion
In this study, we report that genetic variants in several metabolic enzymes, CYP1B1 Leu432Val, EPHX1 Tyr113His and GSTT1 present/null, are associated with risk of localized PCA. We also found evidence that the PTGS2 765 G/C polymorphism modifies the association between diets high in white or dark fish and advanced PCA risk. The modifying effect appears stronger for consumption of welldone white (lean) fish.
There exists substantial biological plausibility for a role of CYP1B1 in the development of PCA. PAHs that enter the prostate induce CYP1B1 expression. CYP1B1 is over-expressed in prostate carcinomas (41) and can activate PAHs into mutagenic metabolites that are capable of forming DNA adducts (42) . The CYP1B1 protein coded by the codon 432 Valine allele is more active than the one coded by the Leucine allele (29) ; therefore, our finding of an association between the Valine (Val) allele and higher PCA risk is compatible with the ORs are from models with genotype coded as log additive (i.e. number of C alleles, treated as continuous). b OR adjusted for age (years), BMI (<25, 25-29, 30), total calorie intake (kcal/day) and family history of PCA (yes/no); dark fish and white fish intakes were mutually adjusted for each other.
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known functional impact of this variant allele on the CYP1B1 protein.
We distinguished between advanced and localized PCA and we found the CYP1B1 codon 432 Val allele to be associated with increased risk of localized disease only. Our findings are supported by two studies that found the CYP1B1 Leu432Val Val allele to be associated with an increased risk of PCA among Caucasian (29) and Japanese (43) men. These studies (29, 43) did not distinguish between localized or advanced cases; therefore, it is difficult to fully compare those findings with ours. Another study reported the Val allele being associated with a decreased risk of advanced disease in Hispanic men and with decreased disease aggressiveness (localized versus advanced) in NHW men (44) which is consistent with our study finding the increased risk in localized disease only.
EPHX1 codes for the epoxide hydrolase protein mEH, a Phase 1 enzyme that converts PAH epoxides to PAH-dihydrodiol, which can undergo further metabolic activation by CYP1A1 and CYP1B1, or detoxification by enzymes in the glutathione-S-transferase or UGT family (45) . Therefore, this enzyme plays an important role in the generation of species that are at the crossroads between carcinogenic activation and detoxification. The EPHX1 codon 113 Histidine (His) allele codes for a protein with reduced activity compared with the one coded by the Tyrosine allele (28) . Our finding of a positive association between the His allele and localized PCA risk suggests that the slow EPHX1 His allele may contribute toward increased metabolic activation, perhaps by reducing the bioavailability of substrates for PAH epoxide detoxification. Alternatively, reduced levels of EPHX1 may result in an increased bioavailability of pro-carcinogenic PAH epoxides. PAH epoxides can serve as direct substrates for AKR1C3 in the prostate where they can undergo conversion to catechols, which may lead to the accumulation of DNA-damaging PAH-O-quinones (46) . One study reported a positive association between the codon 113 His allele and advanced PCA risk in an Indian population, and another reported an association between this allele and higher grade tumors in an Israeli population (47, 48) .
GSTT1 belongs to the glutathione-S-transferase superfamily and is responsible for detoxifying many carcinogens, including HCAs and PCAs. Approximately 20% of Caucasians have a complete deletion of this gene, which may predispose to cancer due to a decreased ability to detoxify these substrates (24) . In recent years, GSTT1 status has been extensively studied as a PCA risk factor; however, the results are inconsistent. A 2009 meta-analysis concluded that there was no significant evidence that the GSTT1 deletion increased risk for PCA, regardless of racial group (49) . Since then, six additional studies have investigated the association with mixed results. Three reported an approximately 2-fold increase in risk with GSTT1 deletion in Iranian, Tunisian and Danish populations (50-52), whereas Taioli et al. (53) reported an inverse association with GSTT1 deletion in populations of African descent. Two additional studies reported no associations in the German European Prospective Investigation into Cancer and Nutrition cohort (54) and a population of African descent (55) . Few of these studies distinguished between localized and advanced cases; however, Safarinejad et al. (52) found the increase to be even more substantial in those with advanced PCA. In our study population, we found the GSTT1 deletion variant to be associated with increased risk of localized PCA, with a similar trend, albeit not statistically significant, for advanced PCA. Our results are compatible with the hypothesis that lack of GSTT1 detoxification may contribute to accumulation of activated HCA and PAH metabolites, which could contribute to prostate carcinogenesis.
It is interesting to note that for these three polymorphisms, statistically significant associations were only found for localized disease, but not advanced disease. As we reviewed above, there are previous studies that have reported on associations between the EPHX1 Tyr113His and the GSTT1 deletion and risk of advanced disease. Therefore, further studies with larger numbers of both localized and advanced cases are needed to clarify whether these enzymes play a differential role for early or late disease.
Although we had slightly less statistical power for detecting significant gene-diet interactions for localized disease than advanced disease, the fact that we found no strong evidence that any of these three polymorphisms modified the association between consumption of white fish cooked at high temperature and localized or advanced PCA risk may suggest that there are other relevant substrates for these enzymes. Larger studies are needed to confirm this. As we recently reported, the observed association between high intake of white fish cooked at high temperature (i.e. mostly pan-frying) and PCA risk could be driven by other changes that occur in the fish during the cooking process (10) . Specifically, it is plausible that changes in white fish fatty acid composition may occur when white fish is cooked at high temperature, such as pan-frying, and that these changes are the ones driving the observed associations (10) . If this hypothesis were true, it would explain why we failed to find gene-by-environment interactions for these three metabolism enzyme polymorphisms, in spite of their overall association with localized PCA. Interestingly, as we discuss below, we only observed an effect modification for PTGS2, which participates in both carcinogen metabolism and PUFA metabolism.
To our knowledge, the only metabolic enzyme reported to date as a potential modifier of the association of PCA with high fish intake is the PTGS2 enzyme (56, 57) . In our study, we investigated eight other biologically plausible enzymes jointly with fish intake and found that the PTGS2 765 G/C polymorphism was the only one that showed evidence of interaction with white and dark fish intake. PTGS2 is over-expressed in PCA cells and is induced by HCAs and PAHs which it can activate into carcinogens (16, 21, 22) . PTGS2 is also involved in the metabolism of omega-6 PUFAs, such as arachidonic acid, into prostaglandins that can contribute to carcinogenesis. Moreover, omega-3 PUFAs found in fish, which are particularly abundant in dark fish, have been shown to block the ORs are from models with genotype coded as log additive (i.e. number of C alleles, treated as continuous). b OR adjusted for age (years), BMI (25, 25-29, ≥30), total calorie intake (kcal/day) and family history of PCA (yes/no), total well-done meat consumption (g/ day), total meat consumption with high-temperature methods (g/day) and dark fish.
Fish, carcinogen metabolism enzymes, and prostate cancer risk activity of PTGS2 in hepatic and colon cells (58) . Therefore, it is biologically plausible that genetic variation in PTGS2 might modify the association between fish intake and risk of PCA. The PTGS2 765 G/C polymorphism is located in a binding site upstream of the translation initiation site, its effect on PTGS2 gene expression in the prostate is still unclear. In vitro, the C allele had a lower activity than the G allele when transfected into human cervical epithelium cancer cells, but opposite results were obtained when transfection was conducted on human neural cells (26, 59) . Sanak et al. (2010) recently reported an increase in prostaglandin production associated with the C allele in heart disease patients; however, they simultaneously reported reduced PTGS2 activity with the C allele in both human endothelial and human leukemia cell lines (23, 60) . We found that diets high in white fish are associated with PCA among carriers of the C allele, and that diets high in dark fish are inversely associated with PCA risk only among carriers of the G allele. These data suggest that the C allele might be the more active form of PTGS2 in the prostate, and that under conditions of exposure to high levels of pro-carcinogens such as HCAs, PAHs and/or omega-6 PUFAs, all found in diets high in fish intake, it might be associated with risk of PCA. We found the PTGS2 interaction with white fish to be stronger when we restrict the analysis to men who consumed well-done white fish. This could lend support to the hypothesis that the interaction is due, at least in part, to the formation of HCAs and PAHs, as we would expect that fish cooked longer (i.e. until well done) would accumulate more of these carcinogens and therefore intake of well-done fish would increase risk to a greater extent than intake of lightly browned fish. However, we cannot disregard the hypothesis that when white fish is cooked for a long time, more fatty acid changes are accumulated that may also contribute to PCA risk, as we discussed previously (10) . The fact that we failed to find interactions for any of the other metabolism enzymes investigated seems to offer more support for the latter rather than the former hypothesis. However, given that we did not include in our study all potential enzymes that participate in HCA and PAH metabolism, we cannot dismiss a role for these carcinogens in the observed association between fish and PCA risk. Strengths of our study include the use of population-based cancer registries for the ascertainment of cases, the oversampling of advanced cases, the inclusion of three racial/ethnic groups, and the consideration of different types of fish (dark and white) and various cooking methods and doneness levels. Weaknesses of our study are the inclusion of a limited number of metabolic enzymes that do not comprehensively cover the HCA and PAH metabolism pathways and the inclusion of selected polymorphisms instead of a comprehensive tagSNP or sequencing approach. Moreover, we genotyped only 4 of the 30 SNPs that accurately classify NAT2 haplotype (39) . These four SNPs have been shown to infer NAT2 phenotype with an estimated 98.4% accuracy (38); however, not genotyping every SNP may have misclassified some 'slow' phenotypes as 'fast' (wildtype), thereby biasing the results toward the null. For these reasons, we cannot exclude the possibility that some of the genes we studied, for which we found no association, may indeed play a role in PCA risk. Although the study had a large sample size, small numbers in some subgroup analyses may explain our failure to find interactions with the genes investigated. Also, dietary questionnaires have been reported to result in an underestimation of HCA intake (36) , which could attenuate gene-diet interactions toward the null. Additionally, we did not have information on the use of marinades or use of cooking pre-treatments (microwaving, boiling), which can reduce the amount of HCA formation (61) and may further contribute to exposure misclassification. Our analyses included advanced cases sampled from both LAC and SFBA, but localized cases were from LAC only, as the SFBA center did not collect blood for localized cases. Finally, given that at the time of interview there was no widespread knowledge that consumption of fish or certain fish cooking methods may be associated with PCA risk, differential misclassification due to recall bias among cases is unlikely.
This study reports associations between functional polymorphisms in three enzymes involved in HCA and PAH metabolism and risk of localized PCA. Furthermore, we also report that the association between diets high in fish and advanced PCA may be modified by a polymorphism that may affect activity of the PTGS2 enzyme, which is known to be involved in HCA and PAH metabolism as well as metabolism of PUFA found in fish. Overall, our finding of an interaction with PTGS2 supports a role for HCAs and PAHs, which accumulate in well-done fish, and/or fatty acid changes that occur when fish is cooked at high temperature in PCA carcinogenesis.
